ABSTRACT Specific rate constants for the S + +H 2 reaction are calculated using the ground quartet state potential energy surface and quasi-classical trajectories method. The calculations are performed for H 2 in different vibrational states v = 0-4 and thermal conditions for rotational and translational energies. The calculations lead to slow rate constants for the H 2 vibrational levels v = 0, 1, but a significant enhancement of reactivity is observed when v > 1. The inverse reaction is also studied and rate constants for v = 0 are presented. For comparison, we also recompile previous results of state-to-state rate constants of the C + +H 2 for H 2 in rovibrational state v, j = (0,0), (1,0), (1,1), and (2,0). The calculated rate coefficients are fitted using an improved form of the standard three-parameter Arrhenius-like equation, which is found to be very accurate in fitting rate constants over a wide range of temperatures (10-4000 K). We investigate the impact of the calculated rate coefficients on the formation of SH + in the photon-dominated region Orion Bar and find an abundance enhancement of nearly three orders of magnitude when the reaction of S + with vibrationally excited H 2 is taken into account. The title reaction is thus one of the principal mechanisms in forming SH + in interstellar clouds.
INTRODUCTION
The role of molecular hydrogen in the gas phase synthesis of interstellar molecules is to a large extent limited by its low reactivity with atoms at low temperatures, something that may be overcome if H 2 gets chemically activated. In cold dense clouds the activation occurs through ionization by cosmic rays (Herbst & Klemperer 1973) . In photon-dominated regions (PDRs) H 2 can be easily pumped to excited vibrational states through a far-ultraviolet fluorescence mechanism, and the internal energy of the excited hydrogen molecules can be used to overcome or diminish reaction barriers that are present when H 2 is in its ground state (Tielens & Hollenbach 1985; Sternberg & Dalgarno 1995) . Reactions involving vibrationally excited H 2 are of great importance in establishing the chemical composition of PDRs, as they may become the main formation route of some hydrides. For example, the methylidyne cation CH + is mainly formed in PDRs by the reaction
which is endothermic by 0.37 eV (∼4300 K) but becomes exothermic and very fast once H 2 is promoted to the v = 1 vibrational state (Hierl et al. 1997; Agúndez et al. 2010; Zanchet et al. 2013) .
Recently, there has been renewed astrophysical interest in the reactions between molecular hydrogen and atoms, thanks to the large number of observations of hydrides carried out after the launch of the Herschel Space Observatory. Light hydrides such as CH, CH + , OH + , H 2 O + , H 3 O + , NH, NH 2 , HF, HCl, HCl + , SH + , and SH have been widely observed, some of them for the first time, in different types of interstellar and circumstellar regions (Gerin et al. 2010a (Gerin et al. , 2010b Naylor et al. 2010; Sonnentrucker et al. 2010; Persson et al. 2010; Cernicharo et al. 2010; de Luca et al. 2012; Benz et al. 2010; Neufeld et al. 2012) .
In particular, the recent discovery of the SH + ion in space (Benz et al. 2010; Menten et al. 2011) indicates that it could be, as the related ion CH + , a ubiquitous interstellar molecule. Similar to the case of CH + , an important formation route to SH + in PDRs could be the reaction
which is endothermic by 0.86 eV (∼9860 K) but becomes exothermic when H 2 is in the v = 2 or higher vibrational states. The scarce chemical kinetics data on reaction (2) indicate that its thermal rate constant is very low at room temperature (Millar et al. 1986; Stowe et al. 1990) , which is consistent with its high endothermicity. Here we have carried out a theoretical study of reaction (2) for H 2 vibrational states v = 0-4 and for the inverse reaction leading to H 2 with SH + in the vibrational state v = 0.
POTENTIAL ENERGY SURFACE
The potential energy surface (PES) of the ground quartet state of the H 2 S + system was built fitting ab initio electronic structure calculations. All ab initio electronic structure calculations were carried out with the MOLPRO suite of programs (version 2010.1) . 6 The uncontracted basis set cc-pVQZ of Dunning (Dunning 1980) was used for both H and S. As a starting point, a full valence complete active space MCSCF calculation (CASSCF; Werner & Knowles 1985) was performed. The molecular orbitals correlating with 3s, 3p atomic orbitals of the S + ion as well as the 1s orbitals of each H atom were After the CASSCF calculation, internally contracted multireference configuration interaction (icMRCI) calculations (Werner & Knowles 1988 ) with single and double excitations were performed, using all the CASSCF configurations as reference functions. To reduce computational cost, a 1s orbital of S + was frozen during the MRCI treatment. Finally, the Davidson correction technique icMRCI+Q (Davidson 1975 ) was applied to the final energies in order to approximately account for the effects of higher excitations.
The calculated points have been defined in Jacobi reactant coordinates, described by the vector r between the two hydrogen atoms, the vector R that points from the H 2 center of mass to the S + ion, and the angle cos γ = r · R/rR. About 6250 ab initio points sampled in the region 0.7 a.u. r 10 a.u., 0.2 a.u. R 14 a.u., and 0 γ π/2 were calculated. Finally, points with energies higher than 4.2 eV with respect to the reactants in their ground states were discarded for the fit of the three-body term to avoid losing precision in the entrance channel.
The ab initio icMRCI+Q energies for the reactant ground electronic state, 4 A , have been fitted using the GFIT3C procedure introduced by Aguado et al. (1992 Aguado et al. ( , 1993 Aguado et al. ( , 1998 . The global PES is represented by a many-body expansion 
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H H , are determined by fitting the 3200 calculated ab initio energies after subtraction of the one-and two-body contributions. The overall rms error of the fitted PES in the ab initio points used for the fit is 18.4 meV.
The accuracy of the PES and the ab initio computations at the dissociation asymptotes can be assessed by comparing the calculated spectroscopic data with the experimental values for the diatomic molecules SH + and H 2 . Table 1 shows the comparison of the experimental spectroscopic constants for the ground electronic states of the SH + and H 2 diatomic molecules and those obtained from our fitted PES. The good agreement observed between our calculations and experiment validate the accuracy of the ab initio calculations and the fitting procedure.
The main topological characteristics of the fitted PES are shown in Figures 1 and 2 , where the minimum energy path from reactants to products and contour plots of the PES are shown, respectively. It can be seen that there are no barriers higher than the endothermicity of the reaction. This PES presents only two stationary points: a very shallow minimum of 0.092 eV in the entrance channel for r = 1.415 a.u., R = 5.237 a.u., and γ = 90
• , and a saddle point in H-S-H linear configuration with SH distance = 2.91 a.u. and an energy of 1.43 eV. We should note that this saddle point was referred to as a minimum by Hirst (Hirst 2003) ; however, the eigenvalues of the Hessian in this point were calculated in this work to confirm that it is a saddle point.
It is interesting to point out here that unlike in the case of C + +H 2 (Zanchet et al. 2013) , the reactants correlate to an excited state of the SH + 2 molecule, its ground state being a doublet. The deep well is therefore not accessible from the quartet state of the reactants when spin-orbit effects are not taken into account and if they are, it can be reached only by overcoming a barrier >1 eV.
THE REACTION DYNAMICS
The quasi-classical trajectory method (QCT) consists of a classical treatment of the reaction dynamics based on Hamilton's mechanics formalism where the Hamiltonian function for a triatomic system can be written as
(3) From this equation, the Hamilton equations can then be derived in the generalized coordinates:
Quantization is introduced in the calculation by allocating vibration and rotation quantum numbers v and j to the reactant and product diatomic molecules. To get realistic results, the QCT calculations employed a standard Monte Carlo sampling of the initial conditions following the method introduced by Karplus et al. (1965) to perform a statistical description of the collision process. All the calculations were done with our code, which allows a good description of rovibrational levels near the dissociation threshold and can treat total dissociation (Dorta et al. 2011) , which can take place in the wide temperature range studied. In this work, dedicated to the reaction S + + H 2 → SH + + H, we focus on the quartet electronic state correlating to the ground state of the reactants. H 2 is considered in various vibrational states (v = 0-4) and with a thermal distribution of translational energy and rotational states using a Maxwell-Boltzmann distribution for temperatures sampled between 10 and 4000 K. The step-adaptive Adams method (average step ≈0.05 fs) is used to integrate the set of Hamilton equations, and the conservation of both the total energy and angular momentum were carefully checked. At each step, relative precision of 10 −8 for the distances and the momenta has been required, which leads to a conservation of total energy and total angular momentum with average errors of 10 −4 eV and 10 −5h
, respectively. To get a good compromise between computational cost and statistical error, we used N = 200,000 trajectories per batch. In order to have negligible long-range effects, the initial distance between S + and H 2 is set to 20 Å and trajectories are stopped when the distance between products is larger than 22 Å. Taking advantage of the PES, calculations were also done for the inverse reaction SH + + H → S + + H 2 in the same temperature range, but in this case only the vibrational level v = 0 was considered for SH + . Once all trajectories are calculated, the reaction cross section for a given temperature T and vibrational state v can then be written as:
where b max is the maximum value of the impact parameter leading to reaction, N t is the total number of trajectories with initial impact parameter lower than b max , and N r is the number of trajectories leading to reaction. The rate constant for a given vibrational state v is then obtained as:
where k B is the Boltzmann constant and μ is the reduced mass of the reactants. In the case of the inverse reaction, the reactants SH + ( 3 Σ − ) and H( 2 S) correlate to both doublet and quartet states. In this work, only the quartet contribution is considered, so taking into account the doublet/quartet degeneracy factor, the rate constants were multiplied by a factor of 2/3. The contribution of the doublet to the total rate constant is expected to be small, as the reaction leading to S + ( 2 D) is endothermic, so we can assume that considering thermal conditions, the total rate will be similar to its quartet contribution.
RATE CONSTANTS
To validate our calculations, we first compare them with the experiment of Stowe et al. (1990) . In their work, they present the cross section of S + accelerated at several translational energies colliding with H 2 gas at 305 K. To simulate the experiment, we calculate the evolution of the total cross section as a function of collision energy for a thermal distribution of rovibrational states at 305 K. A good agreement is found when the experimental estimation of spin-orbit contribution is removed from the experimental total cross section.
The calculated rates as a function of 1000/T are presented in Figure 3 for the ranges 20-1000 K and 1000-4000 K. The rate constants obtained for various vibrational states of H 2 exhibit different behaviors, as can be seen in Figure 3 . For v = 0 and v = 1, the rate constants are slow and increase progressively at high temperatures, as expected for endothermic reactions. For higher values of v, when the reaction becomes exothermic, a significant increase in the rate constant value is observed as expected, and the reactions are quite fast, −10 cm 3 s −1 above 100 K, while for v = 4, K v > 10 −10 cm 3 s −1 in the whole range of temperatures. An interesting fact is that the rate constants present three regimes that can be clearly seen for v = 3. From 10 to 30 K, the rate constant decreases when T increases. In this temperature range, only the rotational state j = 0 is populated and as kinetic energy rises, the maximum impact parameter decreases, leading to smaller cross sections. When temperature increases above 30 K, the rotational level j = 1 becomes significantly populated, and, being much more reactive than the state j = 0, this effect is directly reflected in the rate constant, which grows regularly above 30 K up to 1000 K. Around 1000 K, the rate constant begins to increase faster with temperature as rotational excitation increases. This extra rotational energy is favorable for the reaction. The effect of rotational excitation is also significant for v = 2. For v = 4 however, the vibrational energy is already sufficient for a very high rate constant even for j = 0. The rotational excitation is thus less effective in this case and the behavior of the rate constant is more regular.
The statistical Monte Carlo error on reaction probability varies depending on the vibrational state and the temperature. For v = 0, the reaction is very endothermic and very few trajectories lead to reaction even at high temperatures. The resulting statistics are thus very poor and the computational cost to converge the results is too high considering the low reactivity of this vibrational state. In this case we thus just present an unconverged estimation to get the order of magnitude. For v = 1, the statistical error is less than 5% for temperatures higher than 1500 K, and it is not converged for lower temperatures for the same reasons as for v = 0. For v = 2, the reaction starts to be exothermic, but some convergence problems below 60 K lead to major uncertainties. The statistical error in this case is of the order of 10% up to 50 K, and varies from 3% at 60 K to 1% at 4000 K. We thus estimate that our results can be trusted above 60 K for v = 2. For v = 3, the statistical error at 10 K is less than 1% and becomes lower than 0.5% at 4000 K, while for v = 4, the statistical error is lower than 0.5% in the range 10-4000 K. For v = 3 and v = 4 we thus consider as trustable the rates in the whole range 10-4000 K.
The standard three-parameter Arrhenius-like expression used to account for the temperature dependence of the reaction rate constants
may be insufficient to fit with a good precision the behavior of rate constants in a wide range of temperatures. In such cases, chemical kinetics databases like UMIST (McElroy et al. 2013) or KIDA (Wakelam et al. 2012 ) use different sets of parameters α, β, and γ depending of the temperature range in order to ensure reliable values for the rate constants. The drawback of this procedure is that it generates a discontinuity in the rate constants that can cause problems in some codes that take into account a variation in the temperature. In order to get continuity in the rates and good precision, we propose in this work an improvement of the standard three-parameter Arrheniuslike equation. Technically it consists of a combination of two standard equations joined with a switching function f in order to get a smooth transition. The equation we propose is written as:
where
). An advantage of this analytical form is that it implicitly includes the standard threeparameter Arrhenius-like equation. Thus, the known parameters α, β, and γ for a given reaction can be used directly as α 2 , β 2 , and γ 2 in our expression by setting the parameter a = 1000 and
All of our results were fitted using this expression and the optimized coefficients are presented in Table 2 . As SH + and CH + are often compared, we recompiled the state specific rate constants of the C + + H 2 reaction in rovibrational levels (v = 0, j = 0), (v = 1, j = 0, 1), and (v = 2, j = 0) obtained with an exact quantum time dependent method (Zanchet et al. 2013 ) and fitted them with Equation (8). The new parameters are presented in Table 3 .
In Figure 3 , the fit using the improved standard equation (8) is represented by the lines, while the points represent the results of our calculations. The rate constant given by the analytical expression
in which the energy E v of the H 2 v state is subtracted from the reaction endothermicity, and which has been used in the work of Nagy et al. (2013), is also shown for comparison with Notes. Rate constant parameters according to Equation (8). The rate constant parameters for v = 0 (not converged) and v = 1 (converged above 1500 K) are given for Equation (7). v = 1 in the range 1000-4000 K. Our calculations give a rate constant that is smaller by a factor of 2-5 (depending on the temperature) and stress the importance of the calculation of the vibrational specific rate constants. Figure 3 shows that the behavior of S + + H 2 does not follow a simple pattern, and the effect of rovibrational excitation on reaction dynamics is more complex than just an energetic contribution.
It could have been expected that, like for the C + + H 2 reaction, the rate constant would have an exponential term given by the reaction endothermicity for the v = 0, 1 states of H 2 and a temperature-independent rate constant close to the Langevin value (1.5 × 10 −9 cm −3 s −1 ) for the v > 1 states of H 2 , for which the reaction is already exothermic. However, the rate constants for S + + H 2 are considerably slower than those for C + + H 2 . This difference is attributed to the existence of a stable CH + 2 complex that can be accessed without any barriers from the reactants, leading to large cross sections at low temperatures. SH + 2 does not present any potential wells in its quartet state, which leads to a huge difference in the reaction dynamics at low temperatures. The consequence is that the long-range interaction does not allow H 2 to capture efficiently the S + ion at low collision energies as it does for the C + . This leads to much smaller cross sections even when the reaction becomes exothermic for v > 1, which are automatically reflected in the rate constants. This lack of a potential well for SH + 2 is easily understood by comparing the orbital occupancies of C + and S + . C + has only one electron in its p orbitals, so it can accept the two H 2 electrons without changing its spin and form a stable complex. On the other hand, the p orbitals of S + are half filled with one electron in each p orbital. In order to accept the H 2 electrons without changing its spin, it has to start filling its d orbitals much higher in energy and thus cannot form a stable complex.
In the case of the inverse reaction SH + + H, the behavior is more typical of a barrierless exothermic reaction. It is fast at low temperatures with a maximum value of 1.7 × 10 −10 cm 3 s −1 at 15 K, then decreases progressively and becomes much slower at high temperatures, where it goes down to 2.7 × 10 −11 cm 3 s −1
at 1000 K. This is due to the small mass of the H atom. When the collision energy rises, the H atom reaches high velocities and can only be captured at low impact parameters. Therefore, the cross section ∼b 2 max quickly falls as temperature increases.
IMPLICATIONS FOR THE FORMATION OF SH + IN THE INTERSTELLAR MEDIUM
The sulfanylium ion (SH + ) has long been thought to be present in the interstellar medium (Horani et al. 1985; Millar et al. 1986) , and various searches for it have been carried out (Millar & Hobbs 1988; Magnani & Salzer 1989 , 1991 . The chemistry of SH + is often compared to that of the widespread interstellar ion CH + . The most likely formation reaction of both species is an endothermic one between the ionized atom and H 2 ; although, unlike CH + , SH + does not react quickly with H 2 (the most abundant interstellar molecule), and therefore it is less severely depleted. Only recently, SH + has been detected in various interstellar environments, such as star formation regions (Benz et al. 2010) , diffuse clouds (Menten et al. 2011; Godard et al. 2012) , and dense PDRs (Nagy et al. 2013) .
Among the various types of interstellar regions, reactions with vibrationally excited H 2 become very important for the synthesis of some hydrides in dense and highly ultraviolet-illuminated PDRs such as the Orion Bar, where the reaction of C + with vibrationally excited H 2 becomes the major formation pathway to CH + (Agúndez et al. 2010) . In order to evaluate the impact of the rate constants calculated here for the reaction between S + and vibrationally excited H 2 on the formation of SH + in dense PDRs, we have implemented the rate constant expressions given in Table 2 in the Meudon PDR code (Le Petit et al. 2006) and carried out a model of the Orion Bar similar to that presented previously by Agúndez et al. (2010) .
The results are shown in Figure 4 , where the fractional abundances relative to the total number of H nuclei are plotted as a function of the visual extinction A V for SH + and some related species. The visual extinction is a measure of the depth into the plane-parallel cloud, so that the cloud is illuminated by ultraviolet radiation on the side of low A V . It is seen that in the region around A V = 1 there is a nearly three-fold order of magnitude enhancement in the abundance of SH + when the reaction between S + with vibrationally excited H 2 is taken into account. The effect is even more dramatic than in the case of CH + , whose abundance is increased by somewhat more than one order of magnitude when the reaction of C + and vibrationally excited H 2 is included (see also Agúndez et al. 2010) . As seen in Figure 4 , the abundance enhancement of SH + and CH + occurs in the region where the atomic ions S + and C + and vibrationally (9) is used. The gas kinetic temperature is shown in the right axis. The parameters of the model are given in Table 2 of Agúndez et al. (2010) .
(A color version of this figure is available in the online journal.)
excited H 2 reach their maximum abundances. It is also worth noting that SH + , unlike CH + , also reaches a relatively high abundance deep into the cloud at high A V , although in these regions SH + is formed through protonation of S atoms by the H + 3 ion. The much larger abundance of SH + compared to that of CH + at high optical depths can be understood by taking into account the fact that neutral atoms are a much more important reservoir for sulfur than for carbon at high A V , and that CH + is effectively depleted by reacting with H 2 while SH + is not. As shown in Figure 4 , the resulting SH + abundance is not very different either using as a reaction rate constant for S + and H 2 the crude estimate given by Equation (9) or the more refined values calculated by us. We note, however, that this holds for the specific case of the Orion Bar modeled here, although significant differences may be found in other astronomical regions with different physical conditions. Nagy et al. (2013) recently observed the ions CH + and SH + in the Orion Bar using the HIFI instrument on board Herschel. These authors also used a PDR model of the source that included reactions of vibrationally excited H 2 with C + and with S + , using the rate constants given in Agúndez et al. (2010) for C + and Equation (9) for S + . They calculated abundances that reproduce the observed line intensities in the case of CH + and underestimate somewhat the observed values in the case of SH + . The maximum fractional abundances of CH + and SH + calculated by us are lower than their calculated values by factors of about 10 and 3, respectively. Different assumptions on the physical details of the source, such as the density structure, the UV illumination, and the dust grain properties, are likely at the origin of the discrepancies between the resulting temperature structure, which is hotter in Nagy et al.'s model and assists the endothermic reactions of H 2 with C + and S + , and the abundances of CH + and SH + calculated by both models. Differences in the chemical network, especially in the rate constant adopted for the reaction of vibrationally excited H 2 and S + , may also contribute to the differences in the calculated abundances. Whatever the exact source of these discrepancies, it is clear that the reaction of vibrationally excited H 2 and S + is the main formation route to SH + in dense highly UV-illuminated PDRs such as the Orion Bar.
CONCLUSION
We have performed the first calculations for the rate constants of the reaction S + ( 4 S) + H 2 (X 1 Σ + g ) with H 2 in the vibrational states v = 0-4 and of the inverse reaction, which is an important mechanism of destruction of SH + in interstellar clouds, as the latter does not react with H 2 . We built the first analytical global PES of the quartet ground state of H 2 S + and used it to perform QCT calculations to get the rates in the temperature range 10-4000 K, thus encompassing the physical conditions of astronomical environments where SH + is expected to be formed. To fit the calculated rate constants, we propose an improvement of the commonly used three-parameter standard equation, which allows us to fit the whole range of temperatures with a smooth function. In cases where the standard equation fails to correctly fit the rates, this equation may thus become an alternative.
The reaction between S + and vibrational states v = 0-1 of H 2 is highly endothermic but becomes exothermic for v > 1. In this work, we show that the rates increase several orders of magnitude when H 2 is vibrationally excited. When specific rate constants for different vibrational states are taken into account, PDR model calculations predict a significant enhancement of SH + in the border of UV-illuminated interstellar clouds (A V < 4). It thus seems to confirm that the title reaction may be one of the principal sources of SH + in interstellar regions with effective pumping of H 2 vibrational levels, like in PDRs. 
